Abstract: This study identifies areas with ecosystem performance anomalies (EPA) within the Upper Colorado River Basin (UCRB) during 2005-2007 using satellite observations, climate data, and ecosystem models. The final EPA maps with 250-m spatial resolution were categorized as normal performance, underperformance, and overperformance (observed performance relative to weather-based predictions) at the 90% level of confidence. The EPA maps were validated using "percentage of bare soil" ground observations. The validation results at locations with comparable site potential showed that regions identified as persistently underperforming (overperforming) tended to have a higher (lower) percentage of bare soil, suggesting that our preliminary EPA maps are reliable and agree with ground-based observations. The 3-year (2005)(2006)(2007) persistent EPA map from this study provides the first quantitative evaluation of ecosystem performance anomalies within the UCRB and will help the Bureau of Land Management (BLM) identify potentially degraded lands. Results from this study can be used as a prototype by BLM and other land managers for making optimal land management decisions.
Introduction
Ecosystem performance (EP) (i.e., a surrogate approaching ecosystem productivity) provides important information to decision makers for land management. Recently, satellite remote sensing has become an essential tool for measuring and monitoring large-area ecosystem performance because of its wide coverage and high spatial and temporal resolutions [1, 2] . The growing season integrated Normalized Difference Vegetation Index (NDVI) derived from satellite observations is used as a proxy for vegetation dynamics and ecosystem performance [3] [4] [5] . Ecosystem performance is usually affected by site condition (e.g., drainage, elevation, slope and aspect, soils, and surface geology) [6] [7] [8] [9] , climate changes (e.g., precipitation and surface temperature) [10] [11] [12] [13] [14] , natural disturbances (e.g., wildfires and floods) [12] , and anthropogenic effects (e.g., heavy grazing) [15] [16] . Interpreting ecosystem performance variation or ecological disturbance is complex because of the influences of weather, site potential, natural disasters and anthropogenic effects [17] .
For moisture-limited rangelands, the interannual variation in vegetation productivity is significantly related to the local weather conditions, management practices, and disturbances. Wylie et al. [1] developed an approach that separates weather-and nonweather-related annual ecosystem performance (e.g., growing season NDVI) variations using satellite-derived NDVI data, weather data, site potential, and ecological models. This approach allows ecologists and land managers to easily interpret and identify nonweather-related ecosystem performance anomalies or ecological disturbance (such as wildfires or heavy grazing). This method also provides historical trend mapping in both weather-and nonweather-related EP variations, which helps guide the best management practices. Here, we define the expected ecosystem performance (EEP) as the expected growing season NDVI (GSN) in a particular year (i.e., given the weather conditions of that year and in the absence of disturbance). The EEP accounts for variations in productivity based on weather conditions; that is, favorable weather years will have higher EEP than those with unfavorable conditions (e.g., too hot or too cold, too wet or too dry). The ecosystem performance anomaly (EPA) for a year was derived based on the difference between the actual EP and the weather-based expected EP at a 90% level of confidence. Natural disasters (e.g., wildfires, floods, windstorms) and anthropogenic effects (e.g., heavy grazing) usually induce significant EPA. A persistent EPA is defined as an EPA that is underperforming or overperforming for multiple years (>2 years in this study).
The main objective of this study is to identify and quantify areas with long-term persistent EPA within the Upper Colorado River Basin (UCRB) based on satellite observations, climate data, and ecosystem models. Our initial study time period is 2005-2007, which will provide a 3-year persistent EPA map within the UCRB to the Bureau of Land Management (BLM) and other land managers as a prototype for making optimal land management decisions. Four vegetation cover types (grassland, big sagebrush, pinyon juniper, and salt scrub) were selected from the study area for building EP models. In this paper, we focus on investigating and evaluating the EPA results from the big sagebrush vegetation cover as a prototype for this study. Rule-based piecewise regression modeling methods were applied to predict the expected ecosystem performance [18] [19] [20] [21] [22] . The derived EPA maps were categorized as normal performance, underperformance, and overperformance (observed performance relative to weather-based predictions) at the 90% level of confidence. EPA maps from multiple years are used to identify persistent negative anomalies and trends of anomalies (i.e., is ecosystem underperformance becoming more severe with time?), which are typically diagnosed as degraded or degrading rangelands. These preliminary EPA maps are validated using "percentage of bare soil" data (an important driver of range conditions) obtained from the LANDFIRE field database [23] .
Study Area
The study area focuses on the Upper Colorado River Basin, which covers parts of Wyoming, Utah, Colorado, Arizona, and New Mexico (Figure 1) . A significant portion of the UCRB is managed by the BLM and the Bureau of Reclamation. More than 50% of the UCRB is covered by scrub and shrub land (e.g., pinion juniper, big sagebrush, and salt scrub). More than 20% of this region is covered by evergreen forest, and approximately 10% is grassland. Substantial portions of the UCRB are arid or semiarid systems where vegetation production is constrained by moisture availability. The land cover types [24] and the study area (within the blue outline) are shown in Figure 1 . 
Methodology and Data
Our methodology was based on a previous successful ecosystem performance study [1] and is summarized in a flowchart ( Figure 2 ). 2. Estimate ecosystem performance site potential for the UCRB using 3-year (2005-2007) averaged GSN, 20-year (1971-2000) climate data, and site condition data (e.g., elevation and topographic conditions, Soil Survey Geographic (SSURGO) total site production data) [1, 5, 8, 28] .
3. Compute the yearly expected EP (2005-2007) for the UCRB using EP site potential, weather data, and rule-based piecewise regression modeling methods.
4. Determine ecosystem performance anomalies (the difference between the actual EP and the expected EP) for [2005] [2006] [2007] . The final EPA maps are categorized as overperformance, normal performance, and underperformance according to the 90% level of confidence interval.
5. Map areas that have a 3-year persistent negative EPA for the UCRB. 6. Evaluate and validate the 3-year EPA maps using ground observations (i.e., percentage of bare soil obtained from multiple research projects).
The USGS 30-m LANDFIRE Existing Vegetation Type data [29] was used to identify big sagebrush within the UCRB.
The site potential map was developed at a 250-m resolution to account for the important effects of elevation, slope, aspect [8, 28] , and growing season length. Rule-based piecewise regression modeling methods (using Cubist software [30] ) were applied to estimate site potential (i.e., long-term rangeland productivity). Data used for training rule-based piecewise regression modeling for calculating long-term site potential (Figure 2 ) included total range production derived from the U.S. Department of Agriculture (USDA) Natural Resources Conservation Services (NRCS) SSURGO Database; USGS 30-m compound topographic index (CTI) and digital elevation model (DEM); LANDFIRE environmental site potential data derived from USGS national LANDFIRE project [29] 
Results and Discussion

Ecosystem Performance Site Potential, Expected Ecosystem Performance, and Actual EP Maps
Site potential represents the long-term EP that averages out climatic variations but accounts for spatial variation in long-term EP associated with site conditions such as drainage, elevation, slope and aspect [8, 28] , soils, domain clusters (with similar topographic and climate condition) [9] , and surface geology. Site potential does not include disturbance effects (e.g., wildfires, floods, and overgrazing) and will generally reflect moisture gradients and temperature gradients in the UCRB. Highly productive sites will have higher ecosystem performance measures than sites with poorer soils, steeper slopes, or other conditions not conducive to vegetation growth. Figure 3a is the site potential map for big sagebrush in the UCRB across multiple years. Different soil, topography, and climate conditions produce different site potentials (i.e., rangeland productivities) for big sagebrush as shown in Figure 3a . The northern part of the study area (southwestern part of Wyoming in brown) has a very low site potential (rangeland productivity) because of the unfavorable vegetation growth condition (e.g., soil type, high elevation, and aspect). On the other hand, a very high rangeland productivity region is present in Colorado (green-blue region) because of favorable site conditions (e.g., soil, topography). Figure 3b ,c depicts the weather-based EP and the actual EP maps for 2006 for big sagebrush in the study area. We found that many parts of the study area had higher productivity in 2006 than the normal site productivities (i.e., site potential) in both the EEP map and the actual EP map. Desirable weather conditions during 2006 (e.g., suitable temperature and humidity for vegetation) led to high production.
To illustrate the relationship between the EEP and the actual EP, the scatterplot between EEP and the actual EP for those pixels randomly selected from the big sagebrush area within the UCRB for 2005-2007 is shown in Figure 4 . The regression line in Figure 4 is used to (1) determine the 90% confidence intervals, which helps determine the anomaly, and (2) correct for minor model biases (i.e., systematic error of the model). We assume that most of the model error lies within the confidence intervals and that the variation of the residuals beyond the confidence intervals represents ecosystem performance anomaly information. In Figure 4 , green points represent overperformance (areas are more productive than expected from weather) and are greater than the 90% confidence limit above the regression line; red points represent underperformance (areas are less productive than expected from weather) and are greater than the 90% confidence limit below the regression line. . Pixels were randomly selected from big sagebrush areas in the UCRB. Green points represent overperformance and are greater than the 90% confidence limit above the regression line. Red points represent underperformance and are greater than the 90% confidence limit below the regression line.
Ecosystem Performance Anomaly Maps and Persistent EPA Maps
Annual ecosystem performance anomaly maps were computed using the difference between EP and EEP c . EEP c is the bias-corrected EEP, which is adjusted by the regression coefficients to account for any minor model biases for each year. Figure 5 shows the 2005-2007 EPA maps for big sagebrush in the UCRB. Yellow-green areas in Figure 5 represent overperformance and are greater than the 90% confidence limit above the regression line. Red-pink areas represent underperformance and are greater than the 90% confidence limit below the regression line. The underperforming and overperforming patterns of each year are clearly shown in Figure 5 . These annual EPA maps can be used to dynamically monitor and assess the rangeland conditions within the UCRB. Figure 6 shows the 3-year (2005-2007) ecosystem performance anomaly map for big sagebrush. Areas identified as the 3-year persistent underperformance for big sagebrush within the UCRB (dark red in Figure 6 ) are mainly located in the southwestern part of Wyoming and the northwestern part of Colorado. This persistent EPA map will be used by BLM or other land managers to identify potentially degraded rangelands. Figure 5 . Ecosystem performance anomaly maps for big sagebrush areas in the UCRB. Yellow-green areas represent overperformance and are greater than the 90% confidence limit above the regression line. Red-pink areas represent underperformance and are greater than the 90% confidence limit below the regression line. 
EPA Map Validation and Applications
Our EPA maps were validated using "percentage of bare soil" ground observations from a selected subset of the LANDFIRE field database, enabling us to relate anomalies to range conditions. A regression line is established for the normal performing pixels to establish a general relationship between site potential and percentage of bare ground (Figure 7) . The validation results for big sagebrush at comparable site potential show that regions identified as persistently underperforming (pink) tended to have a lower range condition (higher percentage of bare ground) than normally expected from site potential; regions identified as overperforming (green) tended to have a higher range condition (lower percentage of bare ground). These results demonstrate that our EPA maps agree with ground-based observations (percentage of bare ground is an important driver of range condition) and provide reliable information for making land management decisions (e.g., grazing control). The validated 3-year persistent EPA map from this study will provide the first quantitative evaluation of ecosystem performance anomalies within the UCRB during 2005-2007 using satellite observations, climate data, and ecosystem models. These EP and EPA maps will be posted on the USGS Earth Resources Observation and Science (EROS) Center Land Cover Application (LCA) Web page for public access. BLM and other land managers plan to use these maps to make optimal land management decisions and to minimize economic and ecological losses associated with degraded rangelands. The EP and EPA maps described in this study can also be used for other applications related to land surface monitoring and assessment (e.g., drought assessment, rangeland monitoring, and assessments of ecological system and land cover changes).
Conclusions and Future Work
The first 3-year (2005-2007) persistent EPA map within the Upper Colorado River Basin was generated based on the satellite observations, climate data, and ecosystem models in this initial investigation. Areas in this 3-year EPA map were categorized as normal performance, underperformance, and overperformance. The EPA map was validated using "percentage of bare soil" ground observations. The validation results at comparable site potential showed that regions identified as persistently underperforming tended to have a lower range condition (a higher percentage of bare ground) than normally expected from site potential, and regions identified as overperforming tended to have a higher range condition (a lower percentage of bare ground) than the normal condition. The validation results suggest that our preliminary EPA maps agree with ground-based observations and will provide reliable information to BLM and other land managers for making optimal land management decisions.
Future work for this study includes generating 10-year (2001-2010) EPA maps within the UCRB using 10-year satellite observations, climate data, and ecosystem models, and identifying long-term (i.e., 10-year) persistent EPA areas and trends as well as weather-based variations in vegetation production. All these products will place this study in a historical and future climate context within the UCRB. Investigations of ecosystem performance anomalies for other vegetation cover types (e.g., black sagebrush, mixed desert shrub) and field data collections (e.g., total range production, presence of species and soil crust) for further evaluation and validation of EPA maps are also planned for the future.
